INTRODUCTION
Bacteria are constantly challenged by a gradient of biocide concentration from a subinhibitory level up to an inhibitory level in domestic, health-care and industrial environments. There is increasing concern that the use of biocides [such as benzalkonium chloride (BKC) and other quaternary ammonium compounds] in these environments may be contributing to the development of microorganisms with decreased susceptibilities to antibiotics and disinfectants (Rutala et al., 1997; Russell et al., 1998; Russell, 1999 Russell, , 2002 McBain & Gilbert, 2001; Fraise, 2002; Langsrud et al., 2003; Thorrold et al., 2007) .
There is some evidence to suggest that micro-organisms that have become less sensitive to disinfectants (because of exposure to biocides) also show decreased susceptibilities to some antibiotics (Irizarry et al., 1996; Moken et al., 1997; Akimitsu et al., 1999; Noguchi et al., 1999; Price et al., 2002; McMahon et al., 2007; Karatzas et al., 2007) . Others indicate that bacterial co-adaptation to biocides and antibiotics is rare and has little clinical significance (Stecchini et al., 1992; Fernandez-Astorga et al., 1995; Anderson et al., 1997; To et al., 2002; Cole et al., 2003) .
Benzalkonium chloride (BKC: alkyl dimethyl benzyl ammonium chloride) is a nitrogen-based quaternary ammonium compound demonstrating broad-spectrum antimicrobial activity. Low-level and greater magnitude of adaptation to the biocide has been noted in strains of Pseudomonas aeruginosa (Langsrud et al., 2003) . Decreased susceptibility to biocides in P. aeruginosa is thought to be mediated primarily by the action of efflux pumps (Piddock, 2006; Chuanchuen et al., 2001) , most notably the Mex systems (Lomovskaya et al., 1999) .
A principal aim of this study was to determine if subjecting populations of P. aeruginosa NCIMB 10421 to increasing levels of BKC selection pressure in long-term continuous culture would result in cross-adaptation to antimicrobials. We have previously shown that subjecting populations of Escherichia coli to levofloxacin selection pressure in chemostats will result in the evolution of populations showing increased resistance to levofloxacin (Fleming et al., 2002) . Furthermore, in that study, we identified the resulting minimal selection concentration (MSC), the lowest concentration of the drug that gave the resistant strain a selective advantage when competed against the sensitive phenotype (O' Reilly & Smith, 1999) . This study investigated whether the source of a genuine nutrient limitation in chemostat culture might influence the MSC in the absence and presence of subclinical levels of biocide.
METHODS
Micro-organisms and media. Pseudomonas aeruginosa NCIMB 10421 was the original strain used for this study. All other strains were variants of 10421, generated by means of selective continuous culture with BKC selection pressure. Developed strains were stored at 220 uC in 20 % (v/v) glycerol. Stocks were retrieved on Nutrient agar (Oxoid, 18 h of growth, 37 uC). M9 minimal medium (Maniatis, 1982) was adjusted to produce both glucose-and magnesium-limiting media for competition studies. The glucose concentration was reduced from the recommended 2 g l 21 to 1.2 g l
21
, producing a glucose-limited medium. The magnesium sulfate concentration was reduced from the recommended 2 mM to 1.2 mM concentrations to produce a magnesium-limited medium. Genuine nutrient limitation (glucose or magnesium) was assured using the Goldberg & Er-el (1981) method. BKC (Sigma-Aldrich) served as a selective agent in continuous cultures and for antimicrobial susceptibility assays; it was diluted to appropriate working concentrations using sterile deionized water.
Antimicrobial susceptibility testing. Minimum inhibitory concentrations (MICs) for BKC were determined by the macro-broth dilution method of NCCLS (M7-A6, NCCLS, 2003) . The standard assay procedure was unaltered for derivatives of P. aeruginosa 10421. Antibiotic sensitivity was determined using Epsilometer strips (Biodisk). The MIC profile was determined for tobramycin (0.016-128 mg), gentamicin (0.016-128 mg), aztreonam (0.016-128 mg), ciprofloxacin (0.016-128 mg), imipenem (0.002-32 mg), polymyxin B (0.064-128 mg), amikacin (0.016-128 mg), vancomycin (0.016-128 mg) and minocycline (0.016-128 mg).
Maximum specific growth rates (m max ) of original and chemostat-derived strains. m max determinations were carried out in Mueller-Hinton broth (MHB; Oxoid) medium using a multi-well plate reader (GENios Tecan, AG Trading). Aliquots (5 ml) of P. aeruginosa 10421 or its derivatives (10 6 c.f.u. ml 21 ) were inoculated to 250 ml of appropriate medium contained in micro-titre plate wells. Optical density (OD 595 ) measurements were taken over the course of 24 h (37 uC). Growth rates were determined from plots of log OD 595 versus time, by the method of Schwartz et al. (1988) , and were the result of at least five replicates.
Enrichment for BKC-adapted variants of P. aeruginosa 10421, by means of selective chemostat culture. The enrichment chemostat apparatus used was described previously (Fleming & Patching, 2008) . The culture was inoculated with P. aeruginosa 10421 previously grown overnight in 20 ml Nutrient broth (37 uC, 125 r.p.m.). The vessel was brought to its working volume (480±10 ml quarter-strength Nutrient broth). The culture was allowed to proliferate (D50.04 h 21 , 37 uC). Medium flow to the culture was controlled using a peristaltic pump (Watson-Marlow 505U). After six generations of growth, the medium supply was supplemented with 12.5 mg BKC l 21 . This represented 50 % of the MIC of P. aeruginosa 10421 for the biocide. Biocide concentrations were further increased when the OD 540 of the culture recovered tõ 70 % of the value recorded before addition of the biocide. Samples were withdrawn routinely, and stored in glycerol (20 %, v/v) at 220 uC for further MIC analysis.
Screening for variants with increased MICs for BKC. Derivatives of P. aeruginosa 10421 were deemed to be adapted to the biocide when MIC determinations demonstrated a threefold increase in broth MIC (BKC) compared with that of the progenitor strain. The MIC (antibiotics and biocide) stability of both P. aeruginosa 10421 and its derivatives was determined after serial transfer (24 h, 37 uC) of cultures in biocide-free medium for 20 days.
Competition studies between original and BKC-adapted strains in continuous culture. Quarter-strength Nutrient broth (Oxoid), or glucose/magnesium-limited M9 minimal medium was used for short-term competition studies. Individual continuous culture systems were established with P. aeruginosa 10421 and an enrichment-culture derivative. Cultures were allowed to reach steady state (D50.2 h 21 , 20 h) before transfer to a third chemostat vessel. On commencement of sampling, the original strain constituted 80 % of the total population. The medium feed without or containing the biocide (1, 5 or 10 mg BKC l 21 ) was established immediately after mixing of cultures. Equal concentrations of BKC were added directly to the chemostat vessel. Samples (2 ml) were withdrawn at denoted intervals, and plated to Nutrient agar (24 h, 37 uC). Using the replica plate stick method, at least 100 discrete colonies were transferred to agar plates with and without 500 mg BKC l 21 supplementation. The relative proportions of competing strains were determined after incubation of the resultant plates (37 uC, 24 h). A selection coefficient (S, h 21 ) was calculated using the equation of Dykhuizen (1993) :
where X 1 (t) and X 2 (t) represent the relative proportion of the two competing strains at time t (measured in h). S is a measure of differential growth rate per unit time (selection coefficient). Selection coefficients were expressed on a selection-per-hour basis. The strain designated by X 1 is favoured, neutral, or disfavoured relative to the strain designated by X 2 as S.0, S50, or S,0.
Effect of efflux pump inhibitor on antimicrobial sensitivity. PheArg b-naphthylamide dihydrochloride (Sigma Aldrich) is an efflux pump inhibitor (EPI). The presence of an EPI reduces the susceptibility of a strain displaying efflux-mediated adaptation to an antimicrobial agent (Lomovskaya & Bostian, 2006) . MICs of P. aeruginosa 10421 and its enrichment-culture derivative were determined in the presence and absence of 40 mg EPI l 21 .
PCR amplification and sequencing of gyrA, mexR, nfxB and parC. Target regions of P. aeruginosa PA-29 were amplified using specific primers (Table 1) , purchased from Eurofins MWG. PCR was carried out using Phusion, a high-fidelity DNA polymerase (Finnzymes Diagnostics). Reactions were carried out in a 50 ml final volume with 1 ml heat-extracted template DNA, 0.5 ml Phusion DNA polymerase and 0.5 mM of each primer. Reactions were performed in a Mastercycler Gradient (Eppendorf), for 35 cycles. Initial denaturation was for 30 s at 98 uC, cycle denaturation was 10 s, annealing for 30 s at 68 uC (gyrA), 63 uC (parC), 61 uC (mexR), or 66 uC (nfxB). Extension was for 30 s at 72 uC. PCR products were examined on 0.75 % agarose gels. PCR products were eluted from the gel using the QIAquick-spin PCR purification kit (Qiagen 
cgi).
Gene expression analysis of mexB, mexD, mexF, mexY and mexR by real-time PCR. RNA was extracted and purified using the SV Total RNA Isolation kit (Promega) from P. aeruginosa 10421 grown to exponential phase (OD 600 0.6) in MHB (37 uC), and PA-29 grown to exponential phase in the presence and absence of 150 mg BKC l
21
.
Total RNA was quantified using a NanoDrop 3300 (Thermo Scientific) and stored at 270 uC until used in cDNA preparation. Total RNA (1 mg) was used as a template in reverse transcriptase PCR. Reverse transcriptase PCR was carried out in a 20 ml volume, using the QuantiTect reverse transcription kit (Qiagen). Primers are listed in Table 1 . Resulting cDNA was quantified using a NanoDrop 3300 and stored at 220 uC until use in real-time PCR (RTi-PCR). RTi-PCR was carried out in a final volume of 10 ml, containing 2.5 ml cDNA (100 ng cDNA ml 21 ), 1.5 ml H 2 O, 0.5 mM of each primer, and 5 ml of 26 QuantiTect SYBR Green PCR Master Mix (Qiagen). RTi-PCR was performed in a LightCycler 480 (Roche). The following temperature profile was used: an initial denaturation for 15 min at 95 uC, followed by 45 cycles including denaturation for 15 s at 94 uC, annealing for 30 s at 56 uC, and an extension for 30 s at 72 uC. The proC gene, encoding a pyrroline-5-carboxylate reductase, was used as a reference gene for normalizing the transcription levels of target genes. This gene was previously shown to be a suitable reference gene for RTi-PCR (Savli et al., 2003) . The mean expression for the three different samples of cDNA was calculated according the 2 {DDCt method (Livak & Schmittgen, 2001) . Assays were performed (n56) from three biological replicates.
RESULTS AND DISCUSSION
Original strain characteristics and enrichment study P. aeruginosa 10421 (original strain) had an MIC of 25 mg BKC l
21
. In order to select for spontaneous variants with elevated MICs for BKC, 10421 was grown in a continuous culture (D50.04 h
, 792 h, 33 generations), using quarter-strength Nutrient broth. Concentrations of BKC in the medium feed were increased at two-generation intervals when OD 595 and total viable counts returned to 70 % of that recorded at the previous addition (Fig. 1) . The MIC for BKC of the chemostat population increased 12-fold between the start and termination of the culture at 792 h (Fig. 1 ). This degree of adaptation to biocide in continuous culture system is some fourfold greater than that observed for strains adapted using a simple serial batch culture (Tabata et al., 2003) . Furthermore, in this study, developed strains showed stable inheritance of the characteristic when cultured in the absence of BKC selection pressure. Simple batch-culture-based subculturing techniques often result in unstable adapted phenotypes, in both P. aeruginosa and other species (Jones et al., 1989; Méchin et al., 1999; Suller & Russell, 2000) . Eight strains that had elevated MICs for BKC were isolated throughout the course of the enrichment continuous culture ( Table 2) . Four of these strains showed an MIC of .200 mg BKC l 21 , an eightfold decreased susceptibility compared with the original strain. These strains were, however, growth rate disadvantaged compared to the original strain (Table 2) . One isolate, which was retained for further study (PA-29), showed a m max similar to that of the original strain.
The antibiotic susceptibility profile for a number of antimicrobials was also determined for the continuousculture isolates (Table 2 ). This combination of antibiotics was chosen so as to reflect the range of targets at which biocides are known to act. Significant changes in susceptibility to minocycline and ciprofloxacin were noted. P. aeruginosa 10421 was phenotypically resistant to minocycline (MIC .128 mg l
). Derivatives isolated after 25 generations of growth in the chemostat vessel were more sensitive to minocycline (MIC 16-48 mg l
). An increase in sensitivity ). Ciprofloxacin-selected populations did not display significant changes in sensitivity to antibiotics other than those of the quinolone group (levofloxacin, nalidixic acid). It is thus evident that the application of ciprofloxacin selection pressure to the culture resulted in a co-adaptation to BKC. Previous work by Loughlin et al. (2002) obtained BKC-adapted populations of P. aeruginosa using traditional serial batch culture methods. The resulting strains did not show resistance to clinically relevant antibiotics, including ciprofloxacin, although they did show resistance to other quaternary ammonium compounds. The different results from the present study may indicate the importance of growth conditions in the specific response of P. aeruginosa to BKC adaptation/selection.
Sequence analysis of the QRDR region of gyrA and parC
The quinolone-resistance-determining region (QRDR) of gyrA and parC was examined in the PA-29 strain. Sequence analysis of parC yielded only a silent mutation. PA-29 possessed a Thr-83AIle substitution in GyrA. Ciprofloxacin-resistant P. aeruginosa were previously described by Higgins et al. (2003) carrying the same substitution. Indeed, the study concluded that mutations in the Thr-83 codon were the primary cause of reduced fluoroquinolone sensitivity in P. aeruginosa.
Expression of efflux pumps and their possible role in decreased sensitivity to BKC and ciprofloxacin
The MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM systems of P. aeruginosa possess overlapping spectra (Lomovskaya et al., 1999) . They can extrude a range of antibacterial compounds. Resistance to fluoroquinolones has been shown to be mediated in P. aeruginosa by efflux pump systems (Poole, 2005; Thorrold et al., 2007) .
In the present study, sequence analysis of mexR, a repressor of the MexAB-OprM efflux system, in PA-29 did not reveal any mutations. A point mutation was identified in the nfxB gene, a regulator of the Mex system, of PA-29. This point mutation led to an amino acid substitution (Val-51AAla). Amino acid substitutions throughout the nfxB gene were previously reported (Higgins et al., 2003; Jalal & Wretlind, 1998) , though not at this codon.
Changes in expression of the mexB, mexD, mexF and mexY genes of PA-29 were measured under two growth conditions, in the absence and presence of 150 mg BKC l 21 (between 5 and 6 MIC of the original strain).
Expression was compared to that of 10421. Addition of BKC to the growth medium (at a level inhibitory to the original strain) ensured the expression of the BKC-adapted phenotype. As evident in Fig. 2 , expression of both mexB (32-fold) and mexD (14-fold) had increased in the BKCadapted PA-29. Increased expression was augmented by the addition of BKC to the growth medium (respective 125-and 102-fold increases were recorded). Expression of mexF and mexY in PA-29 was half that of 10421 in the absence of BKC, although expression of mexY was greater than 10421
(1.7-fold) in the presence of BKC. The level of expression of mexR, a repressor of the MexAB-OprM system, decreased greatly in PA-29. A 28-fold decrease in expression was noted in the absence of BKC, and an 88-fold decrease in expression in the presence of BKC.
The degree to which these efflux pumps confer antimicrobial insusceptibility to PA-29 was determined. MICs were determined in the absence and presence of an efflux pump inhibitor (EPI) previously shown to be effective against the aforementioned pumps (Lomovskaya et al., 1999) . These experiments showed that efflux systems in isolate PA-29 play a role in developed insusceptibility toward both BKC and ciprofloxacin. The susceptibility of the isolate to BKC increased in the presence of the EPI (.350 mg BKC l 21 to 50 mg BKC l
21
). Similar patterns were recorded in response to ciprofloxacin. PA-29 exhibited a decrease in the MIC of this antibiotic in the presence of the EPI (32 mg ciprofloxacin l 21 to 6 mg ciprofloxacin l
). A triclosanadapted P. aeruginosa mutant hyper-expressing MexCDOprJ was previously described by Chuanchuen et al. (2001) . The mutant also demonstrated a 94-fold decrease in sensitivity to ciprofloxacin.
An attempt was made to determine the susceptibility of PA-29 and the original strain to novobiocin and oxacillin, other antimicrobials subject to efflux. 10421 and PA-29 were clinically resistant to both (MICs .2048 mg l 21 ) in the absence of the EPI. PA-29 and 10421 displayed increased sensitivity to novobiocin in the presence of the EPI, with respective MICs of 256 and 128 mg novobiocin l
, again indicative of the increased efflux activity of PA-29. Sensitivity to oxacillin in the presence of the EPI could not be determined, due to the precipitation of the compounds at increased concentrations.
Previously, adaptation to the biocide triclosan was shown to be wholly a result of increased efflux in P. aeruginosa (Chuanchuen et al., 2003) . It is evident that BKC adaptation and the co-resistance to ciprofloxacin of strain PA-29 are predominantly mediated by the action of the Mex efflux system. However, the susceptibility of PA-29 to the biocide and antibiotic in the presence of the EPI did not increase to the baseline levels demonstrated by the original strain. This may suggest that further mechanisms (or other efflux pumps), in conjunction with the mutation in the QRDR, are also responsible for the adapted phenotype of PA-29. Conversely, the EPI may not fully inhibit efflux activity of the Mex system as it competes with the substrate. Results from the present study would indicate that the MexXY-OprM system was not involved in the adaptation to BKC. Resistance to tigecycline, an analogue of minocycline, was previously shown to be mediated by the MexXY-OprM efflux pump (Dean et al., 2003) . Decreased expression of the system may explain the increased sensitivity of PA-29 to minocycline.
Chemostat competition studies and determination of the MSC
The BKC-adapted strain PA-29 was competed against P. aeruginosa 10421 in continuous culture. Competition studies were performed under a variety of nutrient limitations for 30 h in the absence and presence of BKC concentrations deemed subinhibitory to the original strain (1, 5 and 10 mg BKC l
21
). The concentrations used were insufficient to select for BKC-adapted variants in a homogeneous 10421 population within the same time frame. Competition between the adapted and original strain in the absence of BKC supplementation resulted in the dominance of the original strain irrespective of nutrient limitation (Table 3 ). The magnitude of the dominance (as described by the selection coefficients, S, derived from the slopes of Fig. 3a-c) was dependent on the nature of the limiting nutrient (glucose, magnesium or unknown: Table 3 ). This would suggest a metabolic burden associated with adaptation to BKC. Glucose limitation represents a low-energy environment, wherein the disadvantage of a metabolic burden would be an important factor in outcome. Magnesium is integral to the structure of LPS, the outermost component of the cell, previously shown to be linked with susceptibility to disinfectants (Manzoor et al., 1999) . EDTA is often used in conjunction with disinfectant as a chelating agent for available magnesium, accentuating the effects of the biocide.
Supplementation of BKC to the medium flow altered the selection process. Concentrations of 5 and 10 mg BKC l 21 were sufficient to select for the adapted organism in Nutrient broth (Table 3) . Concentrations of 1, 5 and 10 mg BKC l 21 were sufficient to select for the adapted organism when examined under magnesium limitation (Table 3) . However, these same concentrations of BKC were insufficient to select for BKC-adapted PA-29 in a mixed culture under glucose limitation (Table 2) .
MSCs were calculated using the selection coefficients. The MSC for PA-29 in complex medium lay between 1 mg BKC l 21 and 5 mg BKC l
. This represented a challenge of between 4 and 20 % of the MIC of 10421. In the glucoselimiting environment, BKC concentrations tested were insufficient to confer a selective advantage to PA-29. The MSC for PA-29 in complex medium was determined to be between 0 and 1 mg BKC l 21 . This represented a challenge of between 0 and 5 % of the MIC of the original strain.
It is evident from this study that the presence of subinhibitory concentrations of BKC can allow selection of the adapted variant in a mixed population. Likewise, the selection process is dependent on two factors: the concentration of the biocide in the medium, and the nature of the limiting nutrient. Magnesium limitation would appear to be advantageous to a BKC-adapted variant of P. aeruginosa, whereas the low-energy environment of glucose-limited medium is disadvantageous. An important consideration is that subinhibitory concentrations of a biocide promoted the selection of a biocideadapted, and critically, a ciprofloxacin-resistant strain of P. aeruginosa. Published MSC data (Fleming et al., 2002; O'Reilly & Smith, 1999) are based on antibiotic resistance and selection. It would appear that the MSC is also an important parameter in discussing biocides.
Conclusions
It is clear from the present study that the presence of subinhibitory concentrations of BKC is sufficient to select for adapted variants of P. aeruginosa in a sensitive culture. Gilbert & McBain (2003) stated that 'in any environment there is likely to be a continuum of biocide concentration ranging from treatment concentration to nil'. This, in effect, presents subinhibitory concentrations in the Table 3 . Selection coefficients (S) derived from continuousculture competition studies between P. aeruginosa 10421 and PA-29
Studies were performed in complex medium or a glucose-limited or magnesium-limited medium. Positive S values denote competition in favour of the continuous culture derivative. Values are derived from the slopes of graphs in Fig. 3(a-c) . environment to which step-wise decreases in susceptibility may occur. The present study has examined the theory that adaptation to biocides can give rise to antibiotic resistance. This would seem to be dependent on the nature of the antibiotic and most likely the biocide and organism. BKC supplementation of the medium selected for a mutation in the QRDR of P. aeruginosa, thus selecting for fluoroquinolone resistance. Further to this, subinhibitory concentrations of biocide can actively maintain and select these coadapted organisms in the natural environment. The concentration of the biocide and the nature of limiting nutrient play a significant role in the outcome of the selection process. Results of further studies based on examination of the theory would enhance our understanding of how micro-organisms adapt to antimicrobial agents and survive/proliferate in the environment. Studies of the adaptation process would benefit from a greater attention to the role of limiting nutrient and growth rate in the outcome and selection of adapted variants. 
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